INTRODUCTION
Familial juvenile nephronophtisis (NPH) is an autosomal recessive and genetically heterogeneous tubulo-interstitial nephropathy responsible for 6-8% of end stage renal disease in childhood 1 . The first sign of the disease is polyuria, followed by progressive deterioration of renal function during childhood. NPH is characterised by tubular atrophy, abnormal thickening of the tubular basement membrane, interstitial fibrosis, and cyst formation at the cortico-medullary junction.
NPH may be associated with extra-renal manifestations such as retinitis pigmentosa, congenital ocular motor apraxia, liver fibrosis and bone anomalies.
The gene mutated in most patients is NPHP1, coding for the protein nephrocystin 2,3 , a 732-amino acid intracellular protein, which exhibits a segmented domain structure: An N-terminal predicted coiled-coil domain, an SH3 domain flanked by two glutamic acid-rich regions, and a highly conserved C-terminal " n ephrocystin homology domain " (NHD). NHD bears several functions among which dimer or oligomer formation, epithelial cell-cell junction targeting, interaction with filamins 4 , with the microtubule component beta-tubulin 5 , and with nephrocystin-4, a recently identified protein involved in some cases of juvenile NPH 6, 7 . Nephrocystin, as well as nephrocystin-4 was shown to localize to the cell-cell junctions and to the primary cilia of renal tubular epithelial cells 4, 5, 7 .
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The proteins that have been shown to interact with the nephrocystin SH3 domain are implicated in signalling pathways regulating cell adhesion processes and organisation of the cytoskeleton. Among them are p130Cas (Crk-associated substrate 4 ) and Pyk2 8 . Therefore, it seems likely that nephrocystin functions as a docking protein that might regulate the organization of the actin and microtubule cytoskeleton and maintain epithelial renal cell polarity 4, 5 .
Most of the patients with nephronophthisis have a large deletion in the NPHP1 gene 9 . In addition, several point mutations have also been detected, including a leucine to proline change at position 180 within the SH3 domain. The present work addresses the question of nephrocystin SH3 domain structure, as a key to understand the adaptor function of this protein, and of the consequences of the L180P mutation on the protein structure and the onset of the disease.
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MATERIALS AND METHODS

SH3 Expression and purification
The DNA region corresponding to codons 147-212 of the human NPHP1 gene was PCR-amplified and inserted into the GST (Glutathion-S-transferase) fusion vector pGEX-2T (Amersham). Stereospecific identification of β-methylene proton and χ 1 angles were assigned from the combined analysis of the 3 J N β and 3 J HNH α extracted from HNHB 13 and DQF-COSY experiments, respectively, and from the comparison of the relative intensities of the intra residual Hα−Hβ and HN-Hβ NOE crosspeaks. χ 1 angles were constrained to lie within ± 60° of the identified rotamer. Initial conformers were generated with DIANA 14 , using a three stage REDAC strategy 15 and structures with the lowest target function were refined by restrained simulated annealing using X-PLOR 16 , as previously described 17 .
Molecular dynamics
The mutant structure was constructed as follows. The P180 mutation was introduced manually in the PDB file, and the structure was energy minimized in XPLOR, keeping all other atoms fixed and using a purely repulsive Van der Waals energy nephrocystin SH3 structure -7 -term. The structure was then submitted to two successive short molecular dynamics simulations (2.5 ps each) at 300K under the parmallh3x XPLOR forcefield 16 , with the electrostatic term switched off. In the first run, all backbone atoms were constrained to their position in the wild type structure with a harmonic potential of strength k harm = 2 kcal/mol./Å 2 , whereas in the subsequent run, this harmonic potential was removed. No major structural changes were observed after this procedure. A final molecular dynamics run (4 ps) was then performed using the full potential, including electrostatics. Solvent shielding was crudely simulated by having a dielectric constant increasing linearly with distance (« rdie » option in XPLOR).
The resulting mutant structure was finally energy minimized.
nephrocystin SH3 structure -8 -
RESULTS AND DISCUSSION
NMR assignment structure of the nephrocystin SH3 domain
The SH3 domain from human nephrocystin was cloned, expressed and purified as described under materials and methods. Using a doubly 15 N, 13 In establishing the structure, only residues 153 to 212 where considered. Experimental distance restraints were extracted from the analysis of heteronuclear NOESY experiments and ϕ and χ 1 dihedral angles from the analysis of coupling constants and relative intra-residue NOE intensities. Finally, hydrogen bond restraints were included for slowly exchanging amide groups nephrocystin SH3 structure -9 -which were involved in regular secondary structure elements.
Overall, they consisted of 540 NOE-derived restraints (110 intra-residue, 121 sequential, and 309 medium to long range restraints), 32 ϕ and 21 χ 1 angle restraints and 30 hydrogen bond restraints. This corresponded to an average of 10.4
constraints per residue.
The structure of nephrocystin SH3 domain was calculated by a hybrid method combining initial structure generation in torsion angle space with the DIANA program 14 , followed by refinement with XPLOR 16 , as previously described 17 . Two hundred initial structures were generated using DIANA and the 20 conformers All of the 17 showed a correct stereochemistry, a good Van der Waals geometry and satisfied the experimental restraints (see Table I To our knowledge, such a dramatic effect of a surface residue on the stability of SH3 domains has never been reported.
Indeed, although numerous thorough studies have been performed on the SH3 model system for protein folding [29] [30] [31] [32] [33] , most of those have so far been focused on residues forming the conserved structural core, either via their involvement in the hydrophobic core packing or through their contributions to the hydrogen bonding network.
In order to investigate the L180P loss of structure effects, the consequences of this structural change were analysed by molecular modelling. After hand-constructing the mutation into the wild-type coordinates, the resulting structure was regularised with X-PLOR by performing a short molecular dynamics refinement followed by an energy minimisation, in the absence of electrostatics. At this stage, no steric clashes remained and the energy score was essentially identical to that obtained with the wild-type sequence. This indicated that the proline could in principle be quite easily accommodated within the scaffold of the native protein, with only marginal local changes to the structure. The fact that the L180A mutation also destabilised the SH3 was even more surprising, given that, in nephrocystin SH3 structure -16 -that case, steric constraints cannot explain the effect and that, in some SH3 sequences, an alanine can be found at this position. This suggested that specific local environment of L180 in nephrocystin might contribute to this dramatic effect.
Indeed, examination of the structure revealed that L180 is sandwiched between two oppositely charged residues, E156 and K193, located on the neighbouring β-strands. Thus, the bulky aliphatic side chain of L180 could act as an electrostatic " i nsulator " on the surface of nephrocystin SH3 (figure 5, left). In order to assess the influence of these charged residues on the stability of the SH3 fold, we performed a short molecular dynamics simulation of the L180P mutant model The L180P mutation could thus destabilise the SH3 fold by three non-exclusive mechanisms : (i) In the absence of a bulky insulating side chain, the movement of solvent-exposed E156 and K193 could twist the attached β-strands and perturb the delicate packing of the conserved hydrophobic core residues located on the opposite side of the β-sheet (L179, V181) thereby destabilising the overall folded structure. Indeed the residue equivalent to L179 in Fyn SH3, F26, has been shown to play an important role in the cooperativity of the folding 34 .
(ii) The L180P mutation is located very close to the diverging type II β-turn (residues 173-179 in nephrocystin SH3) which has been shown to be able to fold independently 35 and proposed to be a nucleation site for SH3 domain folding 36 
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